Reactions induced by radioactive 6, 8 He beams from the SPIRAL facility were studied on 63,65 Cu and 188,190,192 Os targets and compared to reactions with the stable 4 He projectiles from the Mumbai Pelletron.
I. INTRODUCTION
Nuclei far from stability, characterized by small binding energies and large values of isospin, exhibit a variety of novel properties like extended wave function(s) of the valence nucleon(s), a Borromean structure (a three-body bound system, where any of its two-body subsystems are unbound), and large breakup probabilities. These features are expected to strongly affect the reactions with radioactive ion beams (RIBs) especially at energies near the Coulomb barrier ͑V b ͒ [1] . The recent advent of facilities using the isotope separation on-line (ISOL) technique has opened up new opportunities to measure and understand reactions with low intensity RIBs at energies near V b .
Fusion studies with radioactive ion beams are currently investigating the conflicting results/predictions of the influence of weak binding of the projectile. The larger radii of such nuclei and the coupling to low lying resonant states should tend to enhance the fusion cross section. However, predictions regarding the influence of the strong breakup channels in these weakly bound systems on fusion have been controversial. In a simple picture it could lower the fusion cross section (as compared to a one-dimensional barrier penetration model) due to loss of flux in the entrance channel. Contrary to this is the expectation that strong coupling to the breakup channel would enhance the fusion cross section below the Coulomb barrier. These contradictory predictions have been theoretically reconciled in Ref. [2] , where using the 11 
Be+ 208
Pb system, it is shown that the effect of coupling to continuum states is to enhance the complete fusion cross sections below the barrier and reduce it above the barrier. Complete fusion is the total amalgamation of the target and projectile. In practice, interpretation of complete fusion with these neutron-rich weakly bound nuclei is difficult, both experimentally and theoretically, due to the occurrence of several different reactions at energies near the barrier, which result in products which can be misinterpreted as complete fusion. Inelastic scattering results in the excitation of the target and/or projectile without any mass transfer. Transfer is the direct exchange of one (or several) nucleons between projectile and target. The weak binding of these projectiles leads to a significant cross section for both elastic breakup, transfer reactions and/or breakup followed by capture of a part of it by the target. The latter process is also referred to as incomplete fusion, massive transfer or breakup/stripping.
Investigations of the fusion process have been made with stable weakly bound 6, 7 29, 31 Al [14] , and 38 S [15] ; however, with differing conclusions about fusion enhancement/suppression, when compared with measurements with stable isotopes and/or coupled channel calculations [2, 16, 17] . This discrepancy arises mainly from the difficulty in interpreting the experimental results with weakly bound nuclei, due to the additional contributions to the cross section, arising from noncompound processes discussed above which cannot be differentiated in all cases.
In interactions of light neutron-rich radioactive beams with medium mass targets, reaction products formed in fusion evaporation and other direct reactions mentioned above could be the same, due to the preponderance of charge particle emission from the compound system. This is not the case with heavier compound systems which decay mainly by the emission of neutrons (it may be difficult to differentiate between fusion-fission and transfer induced fission in fissile systems). Therefore, before interpreting results of fusion cross section measurements with weakly bound projectiles, it is of paramount importance to ensure that the quoted fusion cross section does not contain contributions from other mechanisms. Striving toward a comprehensive understanding of low energy reactions with weakly bound projectiles thus entails performing experiments to separate the different mechanisms and measure their respective cross sections.
A related issue is connected to exclusive studies of nucleon transfer with radioactive ion beams. Such measurements are relatively sparse [18, 19] , due to the experimental limitation in disentangling elastic breakup and transfer. Studies of transfer reactions, with Borromean nuclei, could provide a useful probe to understand pairing in finite fermion systems, like those in metal clusters, fullerenes, and superconductors [20] . It is important to measure neutron transfer cross sections and then try to understand the relative importance of breakup and transfer on the fusion process within a coupled channel framework. Only estimates of neutron transfer have been attempted from the measurement of ␣ particles in 6 He induced reactions [21, 22] . The ambiguity in the interpretation of the origin of the measured inclusive ␣ particles has been recently discussed [23] .
With light projectiles at low incident energies, direct detection of residues is extremely difficult due to their low recoil velocities. Therefore, investigations of fusion cross sections have focused on prompt measurements through fission fragments [10, 11] or ␥ rays [3, 5] or measurements through decay ␣ particles [4, 9, 14] or x-ray activity [22] . These techniques yield precise measurements of the cross section for various residues (except in the case of fission measurements, where only a total fission cross section is obtained). However, the separation of the different reaction mechanisms is often ambiguous as several mechanisms can populate the same nucleus. A complementary approach to obtain direct reaction cross sections has been the measurement of light charged particle spectra for projectiles of 6 He [21, 22] , 6, 7, 8 Li [24] [25] [26] , and 9 Be [27] . These studies are sensitive to elastic breakup, which is not observed in the residue measurements, but cannot distinguish between breakup, transfer, and incomplete fusion. Very recently for the 6 He+ 64 Zn system, both residue and inclusive alpha particle measurements have been reported [22] . In the present work we have attempted to obtain a more complete understanding of low energy reactions induced by the neutron-rich Borromean nuclei 6, 8 He, on both medium mass 63, 65 Cu and heavy 188, 190, 192 Os targets, by relying on a model independent comparison with 4 He induced reactions. In the case of the 6 He beam inclusive prompt ␥-ray measurements have been performed in order to obtain residue cross sections (fusion and neutron transfer), and for the first time in a radioactive beam experiment, coincident measurements between ␥ rays and light charged particles have been attempted to address the separation of fusion and neutron transfer mechanisms. In the case of 8 He, the weak beam intensity and the presence of large background from 8 He ␤ − decay precluded a successful singles measurement; however, coincidences between the charged particles and characteristic ␥ rays could be observed. Additionally, elastic scattering angular distributions were measured and analyzed for both projectiles to obtain the reaction cross-section. In the case of the very tightly bound 4 He projectiles, direct processes are expected to be weak in the energy range studied, and only ␥-ray singles were measured to obtain the complete fusion cross sections.
In the next section the experimental details are given, followed in Sec. III by a detailed description of the analysis of the data to distinguish reaction products arising from compound and transfer processes, the main highlight of this work. The extraction of the reaction cross sections from the elastic scattering measurements allows us additionally to infer breakup cross sections through a subtraction procedure. The results for the medium mass targets along with those for heavier targets, and their differences are then discussed. The important implications of the large transfer reaction contribution to the measured residue cross section are discussed in Sec. IV followed by a summary of the work.
II. EXPERIMENTAL DETAILS
The measurements with 4 He beams, were made at the 14UD BARC-TIFR Pelletron Accelerator Mumbai, in the energy range 16 to 34 MeV. The intensities of the low lying characteristic ␥ rays from the evaporation residues (ER's) were measured, using four efficiency calibrated Compton suppressed clover detectors, to obtain the complete fusion cross sections [3, 5] . The thickness of the rolled enriched 63 Cu and 65 Cu targets of 2.8 mg/ cm 2 and 3.2 mg/ cm 2 , respectively, were obtained both by weighing and by measuring the energy loss for alpha particles. Isotopically enriched targets of 188, 190, 192 Os having a target thickness of 1.60 mg/ cm 2 , 1.04 mg/ cm 2 , and 640 g/cm 2 , respectively, were prepared by electrodeposition on Ӎ1 mg/cm 2 Cu backings [28] . The target thicknesses were estimated by measuring the Rutherford scattering cross sections and also using the tracer method discussed in [28] . While the 190, 192 Os targets were 99% enriched, the 188 Os had the following isotopic composition: 86.7%, 9.51%, 2.46%, and 1.33% of 188, 189, 190, 192 Os, respectively. The beam current was measured in a 1 m long Faraday cup placed after the target.
Radioactive beams, 6, 8 He, were obtained from the recently commissioned ISOL facility, SPIRAL at GANIL [29] . The fragmentation of a 75 MeV/ nucleon 13 C beam on a thick graphite target was used to produce the 6, 8 He ions which were accelerated by the CIME cyclotron to 19.5 and 30 MeV for 6 He and 27 MeV for 8 He (typical energy resolution ⌬E / E ϳ 10 −3 ). The 6 He and 8 He beams, with beam spot size of 5 mm and 8 mm full width at half maximum, respectively, had average intensities of 1 ϫ 10 7 particles/ s and 7 ϫ 10 4 particles/ s. The intensity of the 6 He was measured using a Faraday cup with a current amplifier while a plastic scintillator of 2 in. diameter was used to directly count the 8 He beam particles, the intensity being too low to be reliably measured with the Faraday cup. The electronic stability of the current amplifier for a given measurement was better than 1%. With the unstable beams of He, data from the following reactions will be reported: 6 Os at 30 MeV. The characteristic ␥ rays from the heavy reaction products produced in the reactions with 6, 8 He were detected using eight clover detectors of the EXOGAM array [30] placed at a distance of 10.5 cm from the target. The charged particles were detected in a 500 µm thick annular Si detector (active inner and outer diameters of 22 mm and 70 mm, respectively, with 16 rings and 16 sectors), placed at distance of 3.5 cm downstream from the target. The energy resolution for 30 MeV 6 He nuclei was Ӎ300 keV. Some of the rings of this detector malfunctioned during the experiment, inducing gaps in the measured angular distributions. A schematic of the setup used at SPIRAL is shown in Fig. 1 . Figure 2 (a) displays the inclusive ␥-ray spectra from the 6 He+ 65 Cu reaction at 19.5 MeV. These spectra are the sum of the spectra for all individual clovers operated in add-back mode. The bottom spectrum shows the significant reduction of the background obtained by gating on the peak of the time spectrum taken between the clovers and the CIME rf.
The intensities of the well studied low lying ␥ transitions extracted from the measured inclusive ␥-ray spectra were used to obtain the partial residue cross sections for the 4, 6 He+ 65 Cu systems which are shown in Figs. 3(a) and 3(b), respectively. The corrections, due to direct population of the ground states which is not accompanied by ␥-ray emission, are expected to be small due to low spins of the nearby lying levels and have not been considered. The fusion cross section is obtained from the sum of the cross sections for the various residues. The same procedure was followed to obtain the cross sections for the 4, 6 He+ 63 Cu systems which are shown in Fig. 4 (a) and 4(b), respectively.
For the fusion of 4, 6 He with the isotopes of Os, the cross sections for the even-even ER's were extracted from the extrapolated value of the intensity at J = 0, obtained from the measured ␥-ray intensities for various transitions in the ground state rotational band [3] . Cross sections for the population of the odd-even ER's were obtained from the sum of the intensities of all the low lying transitions directly feeding the ground state. For the case of the 4 He beam, the total cross section was a sum of 2n, 3n, and 4n channels. In the case of the 188 Os, corrections for the target impurities were made using both the statistical model and measured intensities of gamma transitions in nuclei produced solely by the impurities [31] . The fusion cross sections with the 6 He beams with Os isotopes at 30 MeV were obtained from the measured cross section for the 4n channel. The small cross section of 6, 8 He. The lines corresponding to targetlike products (arising from neutron transfer followed by evaporation) are labeled. the 3n channel was not measured but was estimated from the statistical model CASCADE [32] using the same parameters that explained the partial cross sections for the measured ␣ + Os systems and added to the measured 4n cross section in order to obtain the total residue cross section. The 3n contributions amounted to 22% and 5% of the fusion cross section for the 188 Os and 192 Os targets, respectively. The errors in the total cross sections arising from the measurements of the beam current, ␥-ray efficiency, and target thickness and knowledge of the spectroscopic information of the residues have been estimated to be between 10% and 15% for the various projectile target combinations.
As can be seen from Figs. 3(b) and 4(b), absolute cross sections down to a few millibarns have been obtained from inclusive ␥-ray measurements with a RIB, in this case 6 He, for the first time. Such measurements are difficult primarily due to the presence of large background in the ␥-ray spectra as has been discussed in Refs. [33, 34] . However, the determination of absolute fusion cross sections in the present work demonstrates the wide applicability of this technique for nuclear reaction studies with low intensity RIB's and thin targets at energies near V b . Use of this technique expands the scope of measuring fusion cross sections with RIB's involving lighter targets. Measurements until now had been mainly restricted to fusion with heavy targets. As the EXOGAM array was still in an early stage of implementation a configuration with only partial Compton shielding, which permitted a higher efficiency at the expense of lower peak to total ratio [30] , was used. The present work not only pushed down the usable intensity limit as compared to earlier works [33] by two orders of magnitude but also absolute cross sections were obtained from inclusive spectra using low energy ISOL beams of 6 He. Measurements using a low energy 8 He beam three orders of magnitude lower in intensity than the 6 He were extremely challenging. Due to the insufficient peak to background ratio, it was not possible to exploit the singles data even when gated by the CIME rf. Based on the present work, with improved Compton suppression (hence also active shielding of the backgrounds) and the full array, singles ␥-ray measurements with even lower intensities will be possible. Measuring detailed fusion excitation functions around the barrier with RIB's is of course one of the goals of experimental programs such as this. We attempted such measurements for 6 He, but were unsuccessful due to the difficulty of obtaining degraded beams of sufficient quality and intensity. Retuning the CIME cyclotron at several energies would have required a much longer beam time allocation.
With the aim of deducing total reaction cross sections, measurements of elastic scattering angular distributions were Cu system at 27 MeV. The angular range between 15°and 50°was covered and the measured angular distributions are shown in Fig 5. The statistical errors are indicated in the angular distributions. For each reaction Monte Carlo simulations, taking into account the finite size of the beam and the detailed geometry of the detector, were used to obtain the center of mass angle and solid angle corresponding to each ring and sector. The simulation provided the number of events and their expected energy, from a set of events generated following Rutherford distributions for the different cases. The effects of energy and angular straggling in the targets were also taken into account in the simulation. The results of the simulation were checked through elastic scattering measurements on Os and W targets, where the elastic cross section at 19.5 MeV for the angles measured follows Rutherford scattering.
III. ANALYSIS AND RESULTS

A. Products from direct and compound process in medium mass targets
As mentioned in Sec. I, for reactions induced by light neutron-rich projectiles, there exists an ambiguity between the products of fusion and those from direct reactions. In this section, we present evidence to show that in reactions with weakly bound isotopes of He, direct reactions (neutron transfer in this case) occur with a large probability and result in products which could erroneously be attributed to fusion. First we compare the cross sections of reaction products with statistical model calculations and deduce that the abnormally large cross section for a few specific channels is incompatible with the fusion process. We then show that the energy spectra and angular distributions of the charged particles measured in coincidence with these channels are consistent with those of a neutron transfer mechanism. Ga with the code CASCADE [32] . The level density formalism of Ignatyuk et al. [35] , with a level density parameter a = A / 9 was used. The transmission coefficients were taken from Refs. [36] [37] [38] for the neutron, proton, and alpha particles, respectively. A Woods-Saxon shape was chosen for the angular momentum distribution with a diffuseness of 2ប and l max assuming a barrier height and radius calculated from systematics. As can be seen from the figure, the various partial cross sections are reasonably well explained by the statistical model.
Statistical model analysis
The same set of parameters was used to predict the partial cross sections for the 6 He+ 65
Cu system which are shown in Fig. 3(b) . Once again, a good account of the partial residue cross sections is obtained except for the ␣-n evaporation channel ( 66 Cu residue). This discrepancy between the measured (filled diamond) and calculated (thick curve) cross sections for 66 Cu is unexpected in a compound nucleus picture, where 66 Cu would not survive, as it would be sufficiently excited to emit more particles. Hence the large cross section for 66 Cu must have an origin different from fusion evaporation.
Similar results and calculations are shown for the 63 Cu target (Fig. 4) , albeit only for the highest 6 He energy. Again, the 4 He data are well reproduced. The only strong departure from the statistical model calculation in the case of the 6 He+ 63 Cu system is for the production of 64 Cu, ␣-n channel, as can be seen from Fig. 4(b) , reinforcing the evidence for a large noncompound contribution to these reactions.
Particle-gamma correlations
a. 6 He. The large production cross sections for 66 Cu discussed above in the 6 He+
65
Cu reactions can be further investigated through particle-␥ coincidence events. Fig. 2(b) shows the ␥-ray spectrum measured in coincidence with any charged particle detected in the Si detector for the reaction at 19.5 MeV. It is seen to be dominated by transitions in 66 Cu. A representative charged particle spectrum in coincidence with the 185.9 keV ␥ rays from the first excited state in 66 Cu is shown in Fig. 6(a) (full line) . These charged particles can be identified with alpha particles since they are in coincidence with the ␥ ray from the decay of the first excited state of 66 Cu, which is an ␣-n channel. This spectrum peaks near Q = 0 which is consistent with the semiclassical matching condition for neutron transfer (expected to peak near Q = Q opt =0) [39] .
Considering the large spectroscopic factor for the ␣ +2n configuration of the ground state of 6 He [40, 41] this spectrum is interpreted as arising from a 2n transfer leading to ␣ and 67 Cu ‫ء‬ . As seen from Fig. 6(a) , the peak of the Q-value spectrum is well above the one-neutron threshold S 1n in 67 Cu and is consistent with the observed large cross section for the 1n emission channel 66 Cu and the absence of 67 Cu [ Fig.  3(b) ]. The population of 65 Cu expected for excitation energies above S 2n , confirmed by the observed Q-value spectrum gated by the 1115.1 keV ␥ rays from 65 Cu, is displayed as a dotted curve in Fig. 6(a) . Thus, these measured Q-value spectra are consistent with a two-neutron transfer followed by evaporation. Given the unbound nature of 5 He, these results could be also explained by contributions from both 1n and 2n transfer. Only a direct measurement of the energies and angular distributions of the emitted neutrons could lead to an assessment of the relative contributions of one-neutron and two-neutron transfer.
The interpretation of the Q-value spectrum in terms of direct transfer is further supported by the angular distributions for ␣ particles in coincidence with ␥ rays from the first excited state of 66 Cu which are shown in Fig. 5(a) . Despite the fragmentary nature of these distributions, due to the missing ring signals of the silicon detector, the angular distribution at E lab = 19.5 MeV is seen to peak near the grazing angle, while that at 30 MeV is forward peaked. Both angular distributions are again consistent with those expected for a direct transfer process though, at 30 MeV no measurements were taken below the grazing angle.
The total neutron transfer cross sections were obtained from the measured intensities from the inclusive gamma-ray spectra and were corrected for the small compound nuclear contributions to 66 b. 8 He. The inset of Fig. 2(b) Cu system at 27 MeV in coincidence with the 159.1 keV transition to the ground state in 64 Cu is shown in Fig. 6(b) . The spectrum is broader than for the 6 He case and can be understood as consisting of two components. The high energy part has characteristics similar to those discussed for the 6 He+ 63,65
Cu systems earlier and is thus consistent with 2n transfer followed by neutron evaporation. The additional strength at lower energy can be explained by ␣ particles arising from compound nuclear evaporation. Indeed, the low energy part is in reasonable agreement with statistical model predictions for ␣ particles emitted from the compound system [shown by the dotted histogram in the Fig.  6(b) ]. (Another theoretically [41] possible origin of the low energy part could be alpha particles arising from a 4n transfer to the target; however, this cannot be quantified in this experiment due to lack of particle identification.) Due to the large ␥ background from the ␤ − decay of the 8 He beam to excited states in Li in the singles ␥ spectra no reliable values of absolute cross sections for the neutron transfer could be obtained for this system.
The present measurements of the characteristic ␥ rays from heavy products in coincidence with projectilelike charged particles for 6, 8 He along with the statistical model analysis presented are a direct evidence for the large transfer cross sections with radioactive beams at energies near the Coulomb barrier.
Estimate of breakup cross sections for the 6 He beam
An important contribution to the reaction cross section induced by 6 He is the direct breakup of the projectile into ␣ particles and neutrons, which are not captured by the target. The limited coverage and particle identification capability of the silicon detector precluded us from performing a direct measurement of the total ␣-particle cross section. Therefore, we have inferred the breakup cross section as the difference between the total reaction cross section and the total residue cross section, which, as shown above, consists of both fusion and transfer.
The reaction cross sections with 6 He beams were obtained from the measured elastic scattering angular distributions at 19.5 and 30 MeV and are given in Fig. 5(b) . The reaction cross sections for the 4 He beam are quoted from previous Cu at 27 MeV gated by the 159.1 keV transition in 64 Cu at lab = 37°. The gray curve is a calculated ␣ evaporation spectrum using a statistical model. The ground state Q values ͑Q gg ͒ and the neutron separation energies ͑S n ͒ in the residual nucleus in a two-neutron stripping reaction are indicated.
works [42, 43] . The reaction cross sections were obtained for 6, 8 He by fitting the angular distribution [Figs. 5(b) and 5(c)] using ECIS97 [44] with real and imaginary potentials having a geometry similar to Refs. [42, 43] . For example, in the 6 He+ 65 Cu system at 30 MeV, the parameters for the depth, radius, and diffuseness of the real and imaginary part of the nuclear potential were 118.7 MeV, 1.13 fm, and 0.47 fm and 25.4 MeV, 1.194 fm, and 0.158 fm, respectively. Since the present measurements extend to angles large compared to the grazing angle, the extracted reaction cross sections can be considered to be relatively well determined. The reaction cross sections for the exotic isotopes were found to be larger than for 4 He, reflecting the weak binding of 6, 8 He, which leads to large cross sections for reactions like breakup and transfer.
Plotted in Figs. 3(c) and 4(c) are the sums of the measured partial cross section for the 6 He+ 63,65
Cu systems. These represent, as shown in the earlier section, a sum of the fusion and transfer cross sections. The breakup cross sections were inferred from the difference between this sum and the calculated reaction cross section (ignoring the small inelastic contributions to the reaction cross sections). Breakup cross sections are thus estimated to be 210 mb and 280 mb for 6 He+ 65 Cu at 19.5 and 30 MeV, respectively. The uncertainty in these derived breakup cross sections was estimated to be 15%, this also includes uncertainties arising from the calculated reaction cross sections. These breakup cross sections are smaller than the neutron transfer cross sections [355(30) mb and 335(50) mb at 19.5 and 30 MeV, respectively], which form the largest contribution to the direct reaction cross section.
B. Measurements with heavy targets
As discussed in the earlier subsection, in the interaction of weakly bound nuclei with medium mass targets, the cross sections of some heavy reaction products contain contributions both from direct interactions of the valence nucleons with the target and from compound processes, making the separation of the two processes challenging. In the heavier systems studied here using Os targets, charged particle evaporation from the compound system is negligible and therefore neutron transfer reactions will lead to nuclei which are not populated in fusion evaporation. Shown in Fig. 7 Os (gray line). These Q-value spectra which peak near Q = 0 are also consistent with transfer followed by evaporation. This figure shows features almost identical to those for the medium mass discussed earlier. The main difference with respect to the medium mass nuclei (compare Figs. 6 and 7) is the presence of an additional contribution arising from inelastic scattering, which results in the peak near Q = 0 in coincidence with ␥ rays from 190 Os. Coincidence spectra with other Os isotopes were not observed due to limited statistics. Some technical difficulties during this part of the experiment prevented the measurement of the absolute cross section for the 6 He+ 190 Os system. The measured cross sections for 4, 6 He+ 188, 192 Os systems at 30 MeV are reported in Table I . As can be seen, the direct reaction cross sections with 6 He, which in this case refer to the sum of inelastic and neutron transfer processes, are much larger than those with the 4 He beam. The fusion cross sections are found to be comparable for 4, 6 He beams. As we will discuss later, in the present work we are unable to distinguish between complete fusion and the incomplete fusion of the alpha particle arising from breakup. It should be noted that the large cross sections for neutron transfer are a general feature with weakly bound neutron-rich nuclei and have been observed with both medium and heavy targets. Earlier measurements in the 6 He+ 209 Bi system were not able to detect this directly since these transfer reactions would in general populate nuclei very close to stability making any decay measurement a non optimum choice. The present measurements highlight the versatility of using the measurement of in-beam gamma rays for the detailed study of the reaction mechanism with low energy radioactive ion beams.
IV. DISCUSSION
The present measurements indicate that the neutron transfer cross sections are larger than the breakup cross sections for interactions of 6 He on medium mass targets. This assumes that all reactions where one or two neutrons are captured by the target can be labeled as transfer and not breakup followed by fusion. In the literature "breakup fusion" or even "breakup stripping" [25] reactions have sometimes been discussed, the precise definitions of these reaction mechanisms, and their differences are not straightforward to apprehend. It is not fully clear, how it will be possible to distinguish these experimentally, or even conceptually, either among themselves, or from what is generally labeled as transfer to the continuum. In this work a large cross section is observed for reactions in which one or two neutrons are captured by the target and the energy and angular characteristics of the outgoing ␣ particle are reminiscent of a direct process. Such reactions are referred to as transfer in the present work. The other terminologies may be more appropriate for weakly bound stable projectiles like 6, 7 Li which break up into two well defined charged clusters, one of which one can be captured by the target.
The measured large cross sections for this Q-matched transfer channel does imply a strong coupling strength to the elastic channel [39] . Neutron transfer reactions involving nuclei near the drip line, with large positive Q values, are expected to have a strong influence on the fusion process [45] . The present results could lead to the expectation of strong couplings to transfer channels resulting in increased fusion cross section at energies below the barrier for reactions with neutron-rich RIB's. As mentioned earlier, the motivation of this work was to understand in a model independent way the effect of small binding energy of the valence neutrons, by means of comparison with the corresponding stable, tightly bound isotope. State of the art coupled channels calculations [2, 16, 17] for fusion, incorporating the effect of breakup,
have not yet taken into account coupling to the transfer channel for a three-body system like 6 He with relatively large A targets. It is our intention to motivate calculations in this direction by demonstrating the possibility of such exclusive experiments (as in the present case) and the large transfer cross sections. The significant cross sections of transfer reactions with RIB's at energies near the Coulomb barrier make it a feasible probe to investigate the structure of these weakly bound nuclei, e.g., the relative cross sections for 1n and 2n transfer could provide an insight into the spatial correlations of the valence neutrons in Borromean nuclei and pairing properties.
Investigations using weakly bound stable nuclei [3, 6] have found that for reactions with heavy targets, complete fusion is "suppressed" at above barrier energies. For medium mass targets, this suppression was predicted to be smaller [7] . For reactions with RIB's, fusion may be affected in a similar way, although the extended matter distributions of drip-line nuclei could lead to increased fusion and thus compensate for the reduction due to breakup. In the present measurement of fusion with 6 He on medium mass targets, a suppression with respect to the stable isotope is not observed. It must be noted that products from the capture of the charged fragment ͑ 4 He͒ arising from breakup of 6 He could not be separated from the complete fusion ͑ 6 He+ Cu͒ events. The ratio of the various ER's formed is similar in the two, given the energetics of breakup of 6 He and the Q values involved. Therefore we stress that what is labeled "fusion cross section" in the present work for 6 He projectiles is in reality the sum of the complete fusion cross section and the incomplete fusion cross section (␣ + target, where one or two neutrons have escaped). This is important to consider when theoretical predictions are to be compared with the data.
In studies of fusion with weakly bound neutron-rich nuclei, capture of the neutral fragment by the target is often not considered. The present study shows that the cross section for the capture of the neutron(s) is large and arises from a direct process (transfer). These events lead to nuclei which, in the case of medium mass targets, can also be formed in complete fusion, emphasizing the need for identifying the mechanism of residue production (direct or compound) formed in reactions involving light neutron-rich RIB's. In general it is wrong to equate the total residue (or fission) cross section with the fusion cross section. Figures 3(c) and 4(c) show the sum of the measured residue cross sections for the 4, 6 He+ Cu systems and as detailed above, for 6 He induced reactions, these include in addition to fusion a large contribution from transfer. Thus a comparison of 6 He and 4 He reactions made without separating the direct reaction contribution, would lead to erroneous conclusions about the effect of weak binding on the fusion process. In the case of nonfissioning heavy compound systems, like 6 He+ Os systems, the transfer products can be easily differentiated from those formed by compound nuclear processes, as long as the charge of the residue is measured. In heavier fissioning systems the segregation of compound and direct processes also requires exclusive measurements. Recent remeasurements for the 6 He+ 238 U [46] system corroborate this fact, where ␣ particles measured in coincidence with fission fragments show large cross sections for (neutron) transfer induced fission which contributed to the earlier quoted fusion-fission cross sections [10] .
V. SUMMARY
In summary, we have presented results for fusion, transfer, breakup, and elastic scattering of 4, 6, 8 He on (medium mass) Cu and (heavy) Os targets near the Coulomb barrier. The feasibility of measuring small cross sections using inclusive in-beam ␥-ray measurements with low intensity ISOL beams in conjunction with highly efficient arrays has been demonstrated. Large neutron transfer cross sections were obtained through direct measurements, and were found to be larger than those for breakup. The importance of identifying and delineating the mechanisms of residue formation for understanding fusion with RIB's has been clearly illustrated. Kinematically complete experiments including the measurement of neutrons are now necessary to distinguish between compound and direct reactions and also between one-and two-neutron transfer processes, in order to advance toward a more complete picture of low energy reaction dynamics with neutron-rich projectiles.
